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ABSTRACT 

In the event of inundation of a nuclear waste repository located in a geological 
salt formation, chloride brines in contact with nuclear waste will be exposed to different 
kind of radiation depending on waste-form conditions. Ionizing radiations, however, 
have the ability to significantly affect the groundwater chemistry of the brines through 
the formation of free radicals, ionic- and molecular species; among them the typical by- 
products of a-radiolysis: hypochlorite (OC1-) and hypochlorous acid (HOCl). In the 
absence of effects which arc supposed to dominate the redox conditions in the repository 
(corrosion of metals, microbial activity) the presence of OC1- is known to increase the 
redox potential of the brines and further to influence the stability of actinide waste-forms 
by accelerating their dissolution arid - most importantly - to oxidize actinides to their 
higlier oxidation states, whicli are gcncrally the most soluble ones. 
We are presenting a new approach to determine the radiation-induced formation rates of 
hypochlorite and hypochlorous acid as a first step to assess long-term steady-state 
repository conditions. To ovt:rcome the serious constraints of conventional 
radiocheinical work with GBq activity levels, we are simulating a-irradiation of chloride 
brines by the adaptation of ion-beam-line experiments. Therefore, we irradiate liquid 
chloride brine targets with 5 MeV protons, and 5 MeV helium ions. The irradiation- 
induced formation rates of OCX- and HOC1 were determined by UV-Vis 
spectrophotometry. To give an example, the measured G values for the HOCl formation 
in 3.7 M MgC12.6H20, pW 4.42, irradiated by 5 MeV protons was determined to be 
0.0374 :t 0.0022, and 0.0536 rt: 49 by irradiating with 5 MeV helium. The distinguished 
ltnowledge about the radiation-induced production of oxo-chloride species is the first step 
towards the assumption of their steady-state concentrations in the irradiation field of the 
repository. 

INTRODUCTION 

Intrusion of a nuclear waste repository in deep salt formations may cause the 
repository to be inundated with brine from surrounding aquifers and the chloride brines to 
be exposed to radiation from the nuclear waste. The a-radiation emitted from light 
actinides contained in the waste (U, Np, Pu, Am and Cm) will induce the formation of 
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radiolysis by-products in the brine solution such as hypochlorite (OCl'), hypochlorous 
acid (HOCI), hydrogen peroxide (I-1202) .  In the absence of reductants caused by iron 
co~rosioti for example, hypochlorite can cause high redox potential in brines, which may 
enhance dissolution rate of waste-forms, and oxidizes actinides to their highest oxidation 
state, which is usually the most soluble. Most of the elements are stable in one or two 
oxidation states, (U(IV,VI), Np(IV,V), Am (111, V), and Cm(II1). In contrast, plutonium 
may exist in miiltiple oxidation states (111, IV, V, VI) simultaneously complicating the 
prediction of Pu speciation and concentration limits. Therefore, the radiolytically- 
induced redox reactions in concentrated saline solutions are of particular importance 
because the radiolysis of saline solutions results in oxidizing chlorine-containing species 
[l-61, which may oxidize actinide species to higher oxidation [7, 81. To this point, 
irradiation effects on repository related materials using 4-6 MeV He-ions have been 
entirely performed on solid targets such as NaCl and MgC12 single crystal substrates. A 
comprehension of this field of research has been summarized by Tandon [SI. Helium 
ions in the MeV energy range as well as heavy noble gas ions (e.g. Xe2+) in the 100 keV 
to MeV energy range have becn introduced into solid targets to study irradiation damage 
effects and to determine susccptibi lity of different target materials (actinide host phases) 
to irradiation damage [ 10-1 23, We have already simulated the effect of a-irradiation ion 
liquid media by treating 5M NaCl solution as well as 3.7M MgC12.6H20 and synthetic 
based MgC12 brine with 4.9 MeV protons 14-61. The primary intention is to quantify the 
irradiation-induced formation of typical a-radiolysis by-product such a hypochlorous 
acid (HOCI) by UV Vis spectrophotometry, using He" ions in the energy range of 4-6 
MeV and to compare the dose related formation rates of a-radiolysis by-products (G 
value) assessed either by 4.9 MeV protons irradiation or 5 MeV He++ irradiation. 

EXPISRIMENTAL 

The chemical reagents are purchased from Aldrich Chemicals suprapure 
(99.99%), and are used without further purification. The salt solutions 5 MNaCI, 3.7 M 
MgC12.61&0 are prepared by dissolving the proper reagent grade chemicals in distilled 
water. All experiments are carried out in glass vessels at 24 & 2 "C under normal 
atmosphere. The pll  is measured during the experiment using a combination glass 
electrode (Ross type, Orion Co). This set of experiments is designed to (1) assess if 
either O(X or HOC1 can be formed directly by applying He" ion-beam experiment, and 
(2) determine the irradiation induced HOCVOCl- formation as a function of the absorbed 
irradiation dose using a 20 mL test cell, attached to the 3 MV Tandem ion accelerator via 
a doubled-window interface [SI. This doubled window consists of a 10 pm Harvar' foil 
to seal the high vacuum of the beam-line and a 8 pm Kapton' foil as a membrane 
towards the test cell. The experimental details are displayed in Tables I. 
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Table I: Experimental details for the liquid-cell test experiment: Irradiation- 
induced hypochlorous acid formation in 20 mL 3.7 M MgC12.6H20 solution using proton 
and helium ions irradiation. 
-I_- .---- 

Target 3.7 MMgC12.6H20 3.7 MMgC12.6H20 

pH 4.42 pH 5.072 

4.9 MeV Protons 5.2 MeV He'' ions 
Irradiation Irradiation 

I_ --__I_ ____ -.1_1_ 

Ionic strength 3.7 3.7 

Chloride concentration (mol/L) 7.4 7.4 

Mass to be ii-radiated (kg) 2 . 5 0 ~ 1  0-2 2 . 5 0 ~  1 0-2 

Source energy after acceleration 5 . 5 0 ~  1 O6 8.8OX 1 o6 
(ev) 

Energy (eV) after the UHV window 5 . 0 2 2 ~  1 O6 6 . 0 3 0 ~ 1 0 ~  
(I+irvar@ 10 pm> 

Energy (eV) after test-cell window 4 . 9 3 5 ~ 1 0 ~  5 .164~1 O6 
(I<aptono 8 pm) 

Total cumulative energy (J) 177.6 278.9 

Total introduced dose (kGy) 7.10 11.15 

The salt solution was irradiated using a similar approach described in [3, 5, 61. 
After introducing 6 yC of 5.2 MeV He'' ions source or 4.9 MeV protons source into the 
liquid cell, a UV Vis absorption spectrum (Spectrophotometer Shimadzu Multispec 1501) 
of the irradiated chloride solution is taken to determine the progress of radiolysis by- 
products formation, knowing that HOC1 spectroscopic characteristics in 3.7 M 
MgC12.6I-120 at pH 4.42 [6] are: (1) absorption band at 232 nm, and (2) molar extinction 
coefficient E 13044 I,.rn01-~ .cm-]. Each incremental irradiation step of 6 pC of 5.2 MeV 
Hes1 ions or 6 pC of 4.9 MeV protons is associated with 30.983 J energy or 29.633 J 
energy respectively iricreasing the absorbed irradiation dose in the test cell by 
approximately 1.2 to 1.25 kGy. In this experimental set-up, total absorbed doses up to 
14.87 kGy were introduced. 

We used Monte Carlo simulation (SRIM) [ 131 for information on (1) the stopping 
of 4.9 MeV protons and 5.2 MeV Hc ions in 3.7 M MgC12.6H20, as well as (2) the 
associated ionization of the constituents in this salt solution. Primary 5.2 MeV Heff ions 

3 
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irradiation-brine interaction is limited to the first 35.4 pin layer of the 20 mL brine salt 
solution, situated just behind the 8 pni KaptonB window (Fig. 1). 

IONIZATION 
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Fig. 1: The Monte Carlo Simulation (SRIM) of the collision events within the liquid cell 
towards the beam-line: (A) Ionization of the constituents in 3.7 A4 MgC12.6H20 solution 
by irradiating with 5 MeV He” ions, (C) Ion ranges of 5 MeV He” ions in 3.7 A4 
MgC12.6H20 solution: 35.4 pm. 

RESULTS AND DISCUSSION 

The irradiation of 3.7 M MgC12.6I-120, by 4.9 MeV protons up to doses of 7 kGy 
ions up to doses of 14 kGy lead to the formation of I+ as well 21s by 5.2 MeV He 

hypochlorous acid (HOC1) determincd spectrophotometrically at 232 nm (Fig. 2). 

As a comparison, the UV Vis absorption spectrum of the individual species ClO-, 
C13- in 3.7 M MgC12.6H20, is plotted in Fig. 3 as a function of pH, in the wavelength 
range of 190 nm to 400 nm. The generation of C13- is well recognizable by its broad 
absorption band at 325 nm, while hypochlorite ion C10- exhibits a peak shifted towards 
lower wavelength at 282.7 nm (E= 197 L.rnol-’.~m-~), the concentration of hypochlorous 
acid (EIOC1) is in a steady-state at micromolar-level in the pH range 4 to 6 with a molar 
extinction coefficient E= 13044 L.mnl‘l.cm‘l [5,6].  

4 
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Fig. 2: tJV Vis absorption spectra of 3.7 M MgC12.6I-120 irradiated by (1)  4.9 MeV 
protons source, pH I- 4.42, (2) 5.2 MeV He ‘’- ions source, pH = 5.072 
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Fig. 3: UV Vis absorption spectra of chloride species in 3.7 MMgC12,6H20 
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'To siinulate the cffects of PLI self-irradiation on repository related chloride 
solutions, we irradiated 3.7 M MgCl2.6H20 solution by 5.2 MeV He'' ions with 
incremental steps of 1.2 ItGy to reach a final absorbed irradiation dose of 14.87 kGy. To 
monitor the forniation of HOCl, a IJV Vis absorption spectrum was taken after each 
irradiation step (Fig. 2). The spectrum at 0 Gy irradiation represents the non-irradiated 
3.7 A4 MgC12.6H20 sol~ition. Thc formation of ClOz-, as an intermediate species, is 
observed at 256 nni for both irradiation sources 4.9 MeV protons as well as 5.2 MeV 
He" ions. The concentration of chlorite ion can be assumed to be in the micromolar 
concentration range. After introducing 4 kGy with 5.2 MeV He'+ ions source, the 
chlorite species has mainly disappcared and the formation of HOCl is observed and 
associated with a peak at 232 nm which was confirmed in parallel experiments by adding 
hypochlorous acid to a 3.7 A4 MgC12.6I-120 soIution 1.5,6]. The progress of HOCl 
production is not directly proportioniil to the dose, it more likely shows an alternation 
overlaying an ovcrall linear growth like the one that was observed with 4.9 MeV protons 
irradiation (Fig. 5 j 151. The highest IlOCl concentration formed after introducing 8.67 
kGy dose in 3.7 M MgC12.6H20 solution, was detennined to be 66.7 ymol HOCl based 
on the molar extinction coefficienl of 13044 I~.rn~l- ' .crn-~ at 232 nm. However, these 
short-term and unique irradiation experiments demonstrate that the radiation-induced 
formation of hypochlorous acid is activated by rather low absorbed doses. We can 

ions irradiation or protons iiracliation (Fig. 5, linear fit). 
The measured G-value for HOC1 formation in a 20 mL quartz cell containing 3.7 

A4 MgC12.6H20 solution, pI-1 4.42, irradiated by protons is estimated to be 0.0374 f 
0.0022 molecules /IO0 eV, while irradiated by helium ions G(HOC1) is estimated to be 
0.0536 f 0.0049 molecules 1100 eV. (Tables 11). 

estimate the forniation rate of hypochlorous acid depending on the medium using He k+ 

Table 11: G(HOC:Ij value for _--- 3.7 MMgCl2.6HzO 
4.9 MeV protons 5 MeV He +-I ions 

irradiation irradiation 
--I---- _I __l_l____ 

[HOC11 (mrnolelkGy) 0.00388 :t 23 0.00556 f 51 
Sample Mass (kg) 0.025 0.025 
Dose per pC (Gyj 1.97.10' 2.06.102 
Target Energy (eV) 4.935.1 O6 5.164.1 O6 
G(13ocl) (number of HOCI 0.0374 f 0.0022 0.0536 f 0.0049 
molecules formcdpx 100 eV) 
-II----___- -I_I--- "_ 

We have quantified previously the formation of hypochlorite at rather low dose 
and dose rate. The measured G-value for C10- formation in a 20 mL quartz cell 
containing 5 A4 NaCl solution, irradiated by proton ions has been estimated to be 0.0949 
rnolecules /IO0 eV [ 3 ] ,  which is in good agreement with the data published by Kelm et al. 
[2] of 0.0965 for all)lia-self-irradiation using plutonium solutions of 37 GBq/L. If no 
decomposition of' liypochlorous acid is considered, the hypochlorous acid concentration 
will rcach saturation as the result of the combination of irradiation induced formation and 
energy-triggered disintegration of hypochlorous acid. The final steady-state 
concentration of liypc.~chlorous acid will mainly depend on several criteria: (1) the applied 
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dose rate (ItGy/h) as well as (2) the presence of constituents (metals) which could 
enhance the decompositioii of hypochlorous acid. 

70 

A [I-IOCl] (pmole/L) formed with 5.2 MeV He++ irradiation 
[HOCI] (pmole/L) forined with 4.9 MeV protons irradiatio 

7----l-7-- - 1  I I Y = 4.5652 x, R2 = 0.75586 A 

0 2 4 6 8 10 12 14  
'Total absorbed dose (kGy) 

Fig. 4: Protons- and I-leliuin ions- irradiation-induced hypochlorous acid formation as a 
function of total absorbed dose while irradiating 20 mL of 3.7 M MgC12.6H20 with 4.9 
MeV proton ions or 5.2 MeV ]let+ ions. 

CONCLUSION 

By conducting this new and iinique experimental approach, we demonstrate that 
applying non-radioactive beam-line experiments is durable to generate valuable data on 
the formation of radiolytical consti tucnts. The formation rates of radiolytical species are 
important to understilnd impact of the radiation induced on the long-term geochemistry of 
a nuclear salt repository. In current geochemical models which also assess the actinide 
solubilities under the individual repository conditions, steady-state concentration of 
radiolytical species such as hypoch torite and hypochlorous acid are not considered for 
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now, because radiolysis taking place in a salt repository after water intrusion and waste- 
forms corrosion is not fully understood yet, At the current state of our experiment, we 
can directly determine the irradiation-induced formation of hypochlorite and 
hypochlorous acid as a function of absorbed dose. The measured G-value for HOCl 
formation in a 20 inL quartz cell containing 3.7 M MgC12.6H20 solution, pH 5.072 
irradiated by 5.2 MeV He" ions is estimated to be 0.0536 f 0.0049 molecules /lo0 eV, 
while the measured G-value for HOCl formation in a 20 mL quartz cell containing 3.7 M 
MgCl2.61420 solution, pH 4.4% irradiated by 4.9 MeV protons is estimated to be 0.0374 f 
0.002. molecules /I00 eV. In rcal groundwaters, the situation will get even more 
complex with the presence of metal. corrosion constituents, which may partly catalyze the 
decomposition ofradiolytical products such as HOCl. It has to be pointed out, that beam- 
line experinicnts on non-active samples as performed here, mainly focus on radiolytical 
formation rate rather than the determination of steady-state concentrations. In this four 
hours-experiment, we were able to determine the total formation of radiolytical species 
formed in a salt repositoiy within one to two years after complete degradation of the 
waste-forms and their inundation in chloride brines. 
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